The rabbit model of tuberculosis has been used historically to differentiate between Mycobacterium tuberculosis and Mycobacterium bovis based on their relative virulence in this animal host. M. tuberculosis infection in market rabbits is cleared over time, whereas infection with M. bovis results in chronic, progressive, cavitary disease leading to death. Because of the innate resistance of commercial rabbits to M. tuberculosis, 320 to 1,890 log-phase, actively growing inhaled bacilli were required to form one grossly visible pulmonary tubercle at 5 weeks. The range of inhaled doses required to make one tubercle allows us to determine the relative pathogenicities of different strains. Fewer inhaled organisms of the M. tuberculosis Erdman strain were required than of M. tuberculosis H37Rv to produce a visible lesion at 5 weeks. Furthermore, with the Erdman strain, only 7 of 15 rabbits had healed lesions at 16 to 18 weeks; among the other animals, two had chronic, progressive cavitary disease, a phenotype usually seen only with M. bovis infection. Genotypic investigation of the Erdman strain with an H37Rv-based microarray identified gene differences in the RD6 region. Southern blot and PCR structural genetic analysis showed significant differences between M. tuberculosis strains in this region. Correlation of the relative pathogenicity, including disease severity, in the rabbit model with the strain genotype may help identify stage-specific M. tuberculosis genes important in human disease.
Tuberculosis continues to be a leading cause of infectious disease mortality. Because of the complex pathogenesis of the disease, the development of animal models for specific stages of disease such as latency and cavitation remains a priority. The murine model is the most widely used animal model because of its economy, the extensive characterization of inbred strains, and the commercial availability of immunologic reagents (31) . The guinea pig is another well-researched model of tuberculosis and has the advantages of remarkable susceptibility to low doses of aerosolized Mycobacterium tuberculosis and the development of a strong delayed-type hypersensitivity response (11, 36, 37, 40) .
The rabbit model offers certain advantages over both the murine and guinea pig models. First, when infected with M. tuberculosis or Mycobacterium bovis, rabbits have a spectrum of disease that represents many of the specific stages of human disease. In general, rabbits are able to contain disease caused by virulent M. tuberculosis. Over time, the number of pulmonary bacilli decline and the lesions regress (22) . With M. bovis infection, rabbits form chronic fibrosing pulmonary cavities (8) . Both of these are prominent features in human disease. Finally, rabbit lung granulomas, with their caseous centers, closely resemble the human granuloma. Lurie and colleagues have found a remarkable similarity between the spectrum of rabbit tuberculosis and that found in humans (23) .
In the era before genomics and before the biochemical property differences were elucidated, the rabbit infection model was used to differentiate between M. bovis and M. tuberculosis because of the remarkable difference in virulence for these animals (39) . More recently, rabbits have been used to examine the difference in relative pathogenicities between M. tuberculosis strains CDC1551 and H37Rv. Tubercles from animals infected with CDC1551 are smaller and contain fewer bacilli than those infected with H37Rv (3).
In two recent reports, genomic deletion analysis was used to propose a new evolutionary schema for the M. tuberculosis complex of organisms (6, 29) . The conclusion reached by both groups of authors was that successive loss of DNA from M. tuberculosis gave rise to M. bovis as well as the other members of the M. tuberculosis complex. Other genetic approaches such as bacterial artificial chromosome analysis have also been used to identify differences among the members of the M. tuberculosis complex (4, 5, 15) . More information on the relative pathogenicity in vivo needs to be correlated with the genomic content of individual strains.
This report describes a series of infections in rabbits with three different strains of M. tuberculosis: Erdman, H37Rv, and CDC1551. In general, with increasing dose of any strain, more inhaled bacteria are required to produce one grossly visible tubercle at 5 weeks. Of the three strains, the Erdman strain appears to be the most virulent for rabbits, requiring the lowest number of inhaled bacilli to make one tubercle. This strain also has the greatest spectrum of disease at 16 to 22 weeks after initial aerosol infection. The Erdman strain's ability to produce coalescing lesions with occasional cavities by fewer inhaled bacteria compared with H37Rv led us to analyze its genomic DNA. Genomic analysis of the Erdman strain showed differences in the RD6 deletion region that is rich in PPE genes and that has been shown previously to be absent in many strains of M. bovis and in a few strains of M. tuberculosis (6) . Further analysis of this region revealed interesting differences between strains.
MATERIALS AND METHODS
Microorganisms. We compared M. tuberculosis strains CDC1551 (Oshkosh or CSU93), H37Rv, and Erdman (a kind gift of the late Frank Collins) (3). Strains were grown in roller bottles to log phase in Middlebrook 7H9 medium supplemented with 10% albumin dextrose complex, 0.2% glycerol, and 0.05% Tween 80. The mycobacteria were then bead vortexed for 1 min and frozen in aliquots at Ϫ70°C. Titered aliquots were thawed at the time of use, diluted with phosphate-buffered saline, and bead vortexed. The titer of the inoculum was verified by plating on Middlebrook 7H10 agar supplemented with albumin dextrose complex and glycerol. For log-phase cultures, these frozen aliquots were thawed and grown to log phase in complete Middlebrook 7H9 medium. Clumps were allowed to settle for 2 to 3 h. Cultures were then suspended in a 10% dilution of oleic albumin complex (Becton Dickinson Bioscience, Sparks, Md.) in 0.9% NaCl to a specific optical density. Bacilli were visualized in a hemacytometer to confirm that large clumps were absent and to estimate the number of CFU per milliliter that was confirmed by culture.
Animals and infection. Specific pathogen-free New Zealand White rabbits (2.5 kg; female) were purchased from Covance Research Products, Inc. (Denver, Pa.), maintained in standard cages in biosafety level 3 conditions, and fed commercial rabbit chow and water ad libitum. All animals were maintained in accordance with protocols approved by the institutional animal care and use committees of The Johns Hopkins University, George Washington University, and the U.S. Army Medical Research Institute of Infectious Diseases (8) . Just prior to infection, the volume of air that each rabbit breathed per minute was calculated from the per-minute ventilation, respiratory rate, and tidal volume of air inhaled by each rabbit (measured in a whole-body plethysmograph) according to Guyton's formula by using Pulmonary Mechanics computer model no. 6 software (Buxco Electronics, Sharon, Conn.) (17) . Animals were infected by aerosol at the U.S. Army Medical Research Institute of Infectious Diseases by using a nose-only system where aerosols are generated in a class III biosafety glove box cabinet under negative pressure or in a completely contained biosafety level 4 air-locked area. The biosafety level 3 exposure chamber was a 16-liter Plexiglas box with one side containing a circular latex dam with a cutout into which the nose and mouth of the rabbit were inserted (41) . The aerosol was generated with a Collison nebulizer containing bacilli suspended in the 10% dilution of oleic albumin complex. The aperture of the nebulizer disperses clumps of bacilli into units of one to three bacilli. Throughout the 10-min exposure period, a one-fourth-inch, stainless steel sampling port placed in the exposure chamber box at the level of the animal's nose was used to collect samples into 10% oleic albumin complex containing antifoam A (Sigma Chemical Co., St. Louis, Mo.) with an all-glass impinger (AGI-30; Ace Glass, Inc., Vineland, N.J.). Rabbits were placed in a loose-fitting canvas bag and then gently hand held. The oleic albumin complex solutions containing the aerosolized bacteria were cultured at various dilutions on 7H10 Middlebrook agar (Fisher Scientific). For each rabbit, the number of viable bacilli inhaled was calculated based on the volume of inhaled air during exposure and the number of CFU cultured from the impinger samples per milliliter. The animals were housed in biosafety level 3 facilities at the George Washington University Medical Center immediately following infection. Four weeks after infection, a 1:30 dilution of 4ϫ Old Tuberculin concentrate (Wyeth Lederle, Pearl River, N.Y.) was injected intradermally, and 2 days later the resulting skin reaction was measured with calipers. Delayed-type hypersensitivity responses were quantified by measuring the skin fold thickness of the indurated skin minus the double skin fold thickness of normal unaffected skin and then multiplying by the width and length of the indurated area. At 5 weeks after infection, the rabbits were euthanized with intravenous pentobarbital (Euthasol; NLS Animal Health, Baltimore, Md.) and the number of grossly visible primary tubercles in the lungs was counted by Lurie's tubercle count method (12, 24) . Other animals were sacrificed at later time points as noted in Results.
Microarrays. A set of 70-bp oligonucleotides representing all 4,295 open reading frames of H37Rv (Qiagen Operon Technologies, Alameda, Calif.) were spotted in duplicate on glass slides coated with poly-L-lysine in a 384-well-format arrayer (GeneMachines, San Carlos, Calif.). Bacterial genomic DNA prepared by previously established methods (19) was labeled with either Cy3 or Cy5 probes (Amersham Pharmacia, Piscataway, N.J.) using the aminoallyl labeling method (34) . The slides were scanned with an Axon scanner, and the Genepix (Union City, Calif.) array viewing software system was used to define and quantify spot intensities. Erdman genomic DNA was compared with that of CDC1551. Reverse labeling was performed to confirm the hybridization of individual spots. As each 70-mer was spotted in duplicate and reverse labeling was performed, four readings were available for each gene. A positive signal was defined as a greater than 20-fold difference in fluorescence hybridization signals between the two strains.
Southern blotting and PCR. Reaction mixtures contained 0.5 mM concentrations of deoxynucleoside triphosphates, 5 l of Expand High Fidelity 10ϫ buffer, 1 M primers, 0.75 l of Expand HF polymerase, 500 M magnesium chloride, and sterile distilled water in a final volume of 50 l. Thermal cycling was performed in thin-walled tubes on a Mastercycler (Eppendorf, Westbury, N.Y.) with an initial denaturation step of 96°C for 10 min, followed by 30 cycles of 94°C for 15 s, 59°C for 30 s, and 72°C for 20 s. See Table 3 for the primers used to amplify intragenic regions of the genes in the RD6 region.
Two micrograms of genomic DNA was digested with the specified restriction enzyme, electrophoresed on a 1% agarose gel, soaked in 0.25 M HCl at room temperature for 15 min, then soaked in 1.5 M NaCl-0.5 M NaOH for 1 h at room temperature, then soaked in 1.5 M NaCl-0.5 M Tris-HCl (pH 7.5) for 1 h at room temperature, and finally transferred to a nylon filter. A digoxigenin-labeled Rv3424c intragenic probe (forward, 5Ј-CGGAAAGCTGATCTGGTGAT-3Ј; reverse, 5Ј-GGATGTGGGGTGTTTTTGAG-3Ј) was made. Hybridizations were performed at 42°C overnight in a solution containing 30 ml of 20ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 10ϫ Denhardt's reagent, 5 ml of 10% sodium dodecyl sulfate (SDS), 10 mg of boiled salmon sperm DNA/ml, and 50% formamide. Membranes were then washed in 2ϫ SSC-0.1% SDS for 30 min at room temperature, washed in a roller bottle with 0.5ϫ SSC-0.1% SDS for 1 h at 42°C, and then washed in 0.1 M maleic acid-0.15 M NaCl-0.3% Tween 20 (pH 7.5) for 5 min. Detection of the digoxigenin was achieved by using the Roche system (Mannheim, Germany).
Statistical analysis. All comparisons of nonnormally distributed continuous data were analyzed with the Wilcoxon rank sum test using SAS version 8.2 (SAS Institute, Cary, N.C.).
RESULTS
Abilities of H37Rv, Erdman, and CDC1551 strains of M. tuberculosis to produce visible primary pulmonary tubercles in commercial New Zealand White rabbits. The number of grossly visible primary pulmonary tubercles was counted 5 weeks after aerosol challenge with virulent M. tuberculosis. For the H37Rv strain, the number of inhaled log-phase bacteria required to produce one visible lesion ranged from 586 to 1,889 (Table 1) . For the Erdman strain, the number of bacilli inhaled per tubercle ranged from 320 to 827, and for the CDC1551 strain, in the one experiment in which it was tested, the number of bacilli averaged 1,667 (Table 1 ) (3). The in vitro growth rates of all three strains were identical in broth media as measured by optical densities at 600 nm.
In general, with all strains tested, increasing inhalation dose tended to increase the number of bacteria required to produce one visible tubercle (Table 1) (10), We compared animals from experiments 2 and 4 with animals from experiments 8a, 9, and 10 that delivered approximately the same inhaled dose (log 10 inhaled dose, ϳ4.8). The Erdman strain produced a larger number of tubercles than did the same inhaled dose of strain VOL. 71, 2003 PULMONARY TUBERCULOSIS IN RABBITS 6005
H37Rv (averages of 163 Ϯ 25 tubercles and 72 Ϯ 12 tubercles, respectively; P ϭ 0.011). Figure 1 shows the relationship between the number of tubercles and the log 10 inhaled dose. All experiments with H37Rv and Erdman log-phase bacilli were used in this analysis. Inhaled frozen-thawed aerosols were excluded in the data for Fig. 1 as were experiments performed with CDC1551. The slope suggests a trend towards a widening of this virulence difference at higher doses ( Fig. 1) . Difference in the abilities to produce visible primary tubercles between log-phase and frozen-thawed M. tuberculosis. The number of grossly visible tubercles at 5 weeks after infection seemed to depend on the growth state of the infecting bacilli. For example, despite an average inhaled dose of 54,000 frozenthawed M. tuberculosis CDC1551, 1 of 12 rabbits had no grossly visible tubercles at necropsy 5 weeks later and the remaining 11 animals had an average of 3.3 tubercles. In contrast, in another experiment using log-phase M. tuberculosis CDC1551, an inhaled dose of only 8,500 bacilli produced a comparable number of tubercles (5.1 Ϯ 3.7) and all animals had visible lesions (Table 1) (3) . In other words, a large inhaled dose of frozenthawed bacilli produced fewer tubercles than a much smaller inhaled dose of log-phase bacilli.
This was also true for the Erdman strain, the most virulent strain in our study (Table 2 ). In frozen-thawed M. tuberculosis Erdman aerosolization experiments, the mean number of bacilli required to produce one grossly visible tubercle ranged from 843 to 3,489 (Table 2 ). In contrast, in animals infected with log-phase bacilli, the average number of bacilli needed to produce one tubercle ranged from 419 to 827 depending on the aerosolized dose (Table 2) (Fig. 1) . Furthermore, there was a statistically significant difference between the numbers of inhaled bacilli required to form one tubercle in both the higher (3,489 versus 827, P Ͻ 0.01) and lower (843 versus 419, P ϭ 0.04) dose groups between frozen-thawed and log-phase bacilli in the inoculum.
Since large clumps of bacilli were present in the frozenthawed specimens before they were aerosolized, we conducted flow cytometric analyses of the impinger specimens to see whether the clumps remained after aerosolization and, therefore, could account for the lower tubercle-generating ability. Both log-phase and frozen impinger samples were found to be well dispersed with no detectable clumps when analyzed using dot plots of forward and side scatter (data not shown). The results of tuberculin skin tests of animals infected with logphase and frozen-thawed M. tuberculosis Erdman strain were comparable, especially in those groups aerosolized with the most closely matched mean inhaled dose.
Results of the two frozen-thawed aerosol experiments and those of the three log-phase aerosol experiments were compared using the Wilcoxon rank sum test. There was a statistically significant 1-log difference in the inhaled dose between the two groups aerosolized with frozen-thawed bacilli (experiments 8b and 11) and the two groups aerosolized with logphase, actively growing bacteria (experiments 7, 8a, and 9) (P Ͻ 0.01). In the animals in experiment 11 infected with 1-logfewer frozen bacteria, the tubercle counts were significantly lower than those in rabbits in experiment 8b (P Ͻ 0.01), as expected, and the tubercle diameters were significantly larger (P Ͻ 0.01). For those animals infected with log-phase bacteria, however, the tubercle counts showed more variability, with on November 9, 2017 by guest http://iai.asm.org/ insignificant differences in both tubercle counts and diameters despite the 1-log difference in inhaled dose. M. tuberculosis Erdman spectrum of disease. At 16 to 18 weeks after aerosol infection with frozen-thawed Erdman bacilli, the spectrum of disease varied greatly among the 15 rabbits necropsied. Seven (47%) had nearly or completely healed lesions, three had multiple, small caseous tubercles, and three had large coalescing lesions. Finally, two animals had large caseous lesions: one had early cavities filled with solid caseum and one had multiple large caseous lesions, some of which had frank liquefaction (Fig. 2) .
Comparison of M. tuberculosis Erdman and H37Rv by microarray genotyping. After eliminating differences relating to IS6110 copy number, we found that only one gene, Rv3428c, was absent in Erdman relative to H37Rv by our fluorescence intensity criteria and confirmed by reverse labeling. As would be expected with the use of an array based on the H37Rv sequence, we could not find genes that were present in Erdman but absent in H37Rv. Interestingly, the deleted gene from the Erdman strain was part of a five-gene deletion of the RD6 deletion region seen in many strains of M. bovis (6) . Intragenic PCR of each of the predicted open reading frames in H37Rv (http://genolist.Pasteur.fr/TubercuList) showed the presence of Rv3424c, PPE57, PPE58, Rv3427, and PPE59 and the absence of Rv3428c in the Erdman strain (Table 3 ). All genes were present in H37Rv by PCR. As predicted by the genome sequence of CDC1551 (www.tigr.org), Rv3425 through Rv3428c were missing by PCR. Using primers that spanned regions from PPE57 to Rv3427 and PPE57 to PPE58, products were obtained in Erdman whose sequences were identical to those of H37Rv except for two base substitutions at positions 382 and 387 (both alanine-to-guanine substitutions). These resulted in a nonsynonymous substitution (threonine to alanine in the Erdman strain) and one synonymous substitution. PPE58 in Erdman contained four guanines in the sequence at position 373 leading to a stop codon after positoin 528 and resulting in a truncated protein. In H37Rv there are give guanines resulting in a 696-bp sequence. Southern blot data are presented in Fig. 3 and 4 . Using three different restriction enzymes and a 244-bp Rv3424c intragenic probe, two bands were obtained for H37Rv. A BLAST search of the Rv3424c sequence against the H37Rv sequence showed an exact match not only for the annotated Rv3424c gene but also for a 208-bp region (with infrequent mismatches across the remaining 152 bp) located between Rv3428c and PPE59. The truncated copy of Rv3424c in H37Rv putatively codes for a 73-amino-acid protein that is not annotated in the genome. CDC1551 has only one copy, denoted MT3532.2, in the database. The Erdman strain has three copies of Rv3424c (one truncated as in H37Rv). Three PPE genes (PPE57 to PPE59) in the RD6 region of the H37Rv genome bear remarkable homology. PPE57 and PPE58 are absent in CDC1551, as was previously reported (14) . The Erdman strain appears to contain segments in the RD6 region similar to both H37Rv and CDC1551. With both PvuII and BglII digests in the Erdman strain genomic DNA, Rv3424c hybridized to three fragments with the sizes predicted for H37Rv and CDC1551 (ϳ4.0, 2.9, and 1.9 kb and ϳ5.5, 3.2, and 2.2 kb, respectively). Other genomic DNA digests with PmlI, PmlI/NheI, and KpnI were also performed and Southern blotted, and the results agreed with the putative map presented in Fig. 4 . Further investigation of Rv3428c, an IS1532 transposon that may be truncated, is needed as we were unable to obtain PCR products of this region.
DISCUSSION
In 1898, Theobald Smith wrote one of the first descriptions of rabbit infection with tuberculosis. He pointed out remarkable differences in the abilities of rabbits to control intravenous infections by M. bovis and M. tuberculosis (38) . Only 1 of 10 animals died following intravenous inoculation of M. tuberculosis, whereas all 9 of 9 rabbits died with a similar dose of M. bovis. Further studies with rabbits confirmed these phenotypic differences (1, 9, 22) . The relative virulence of many mutant strains has been measured by intravenously infecting immunodeficient mice and quantifying the time to death. Guinea pigs that are exquisitely susceptible to M. tuberculosis have been used in a similar way in time-to-death studies coupled with histopathology to assess the relative virulence of strains. An early definition of virulence was simply the ability of an organism to multiply in the lungs of mice (32) . The bacillary burden of particular organs is not, however, the only measure of a particular strain's virulence. A strain's abilities to induce lung pathology and to cause mortality are also important measures of virulence (21, 30) . The relative virulence of M. tuberculosis complex organisms has been described in mice, guinea pigs, and rabbits (2, 7, 11, 13, 32, 40) . Others have looked at the cellular immune response to determine whether virulence can be characterized more by the host response than the properties of the organism (27) .
For example, the HN878 strain from an epidemic in Houston, Tex., was shown to be hypervirulent in a mouse model of tuberculosis (27) . Subsequently, this strain was tested in a rabbit meningitis model where organisms were injected directly into the cerebrospinal fluid. HN878 had the highest bacillary load, the greatest extrameningeal dissemination, and the most severe clinical symptoms. There was also evidence of high organism burdens and an early cavitary response in the ). Although genotypic differences in the organism may be important to the pathogenicity seen in both mice and rabbits, Tsenova and colleagues showed in the murine model that an earlier Th1 response may be the key to the host's ability to limit disease severity (26) . CDC1551 induced a rapid, vigorous interleukin 12-driven Th1 cytokine response and was cleared, whereas HN878 had a reduced response and resulted in a more severe disease phenotype. Due to limited cytokine reagents in the rabbits, the specific evolution of Th1 cytokines could not be studied, but the HN878 strain produced a later overzealous plasma tumor necrosis factor response that appeared to correlate with the worsened clinical status. The relative pathogenicity of a specific strain seems to be related to its genotype, the way in which it was cultivated, and the response of the host. Because it is relatively resistant to infection caused by M. tuberculosis and because it has a wide range of disease manifestations (bacillary clearance to cavitation), the rabbit presents a unique niche in the menu of animal testing systems. Ultimately, the ability to correlate the clinical manifestations of a human isolate with those in the rabbit would be a powerful tool to study both the host response and the strain genotype's contribution to the pathogenic outcome (28) .
With the genome sequencing of strains in the M. tuberculosis complex, our understanding of fundamental genetic differences among the species has broadened. It is now clear that M. bovis differentiated phylogenetically from M. tuberculosis and that the deletions in the genome of M. tuberculosis led to an expanded host range for M. bovis (6, 29) . With M. microti, however, other deletions led to its attenuation for most animal species (except for the vole) and to a loss of lung tropism (4, 25) . Kato-Maeda et al. used high-density oligonucleotide arrays to understand genetic differences between strains of M. tuberculosis (20) . Their findings concurred with those of others showing that many deletions are mediated by insertion sequences (16, 18) . These authors also concluded that increasing the number of genes deleted may lead to an attenuation of virulence and a decreased ability to produce cavities.
The rabbit model of tuberculosis has historically been an important way to differentiate between M. tuberculosis and M. bovis. Fewer than 30 inhaled bacilli of M. bovis results in a progressive infection that eventually leads to the death of the rabbit (8, 9, 33) . One to 2 orders of magnitude more inhaled bacilli of H37Rv M. tuberculosis are needed to create one visible pulmonary tubercle at 5 weeks (3, 10, 23, 24) . However, the majority of these rabbits recovered, as is the case with humans.
With our bacillary strains, we found that fewer inhaled bacilli of the Erdman strain than of the H37Rv strain were required to produce a visible lesion in commercial rabbits at 5 weeks. With H37Rv infection, most of the lesions healed in 4 to 6 months (1), whereas only half of the rabbits infected with the Erdman strain had healed lesions at this time. Several of the other rabbits had large, caseous, coalescing tubercles, consistent with progressive disease, with two of the rabbits having cavitary lesions. In an attempt to understand the genomic basis of this difference, we used an H37Rv-based microarray to determine whether the Erdman strain contained deletions relative to H37Rv. We found that Rv3428c in deletion region 6 (RD6) was absent in the Erdman strain. The RD6 region is on November 9, 2017 by guest http://iai.asm.org/ known to be deleted in CDC1551 and in many strains of M. bovis (6) . We did not find any of the other large deletion regions described to be associated with M. bovis despite the M. bovis-like pattern of disease that the Erdman strain produced in some of the rabbits. Microarray analysis using an H37Rv-based array would not detect regions deleted from M. tuberculosis after its divergence from M. bovis strains (e.g., TbD1) (6). Furthermore, rearrangements and point mutations, insertions, and small deletions could not be detected with this methodology (14) . Because of these known limitations of microarray-based genomic analysis, we used traditional Southern blotting mapping techniques and PCR to substantiate the microarray data. We found that Erdman contained a segment identical to H37Rv interrupted by a segment identical to CDC1551. Therefore, the Erdman strain has four copies of PPE genes in this region and three copies of Rv3424c (one truncated). Furthermore, PPE57 appears to have a nonsynonymous substitution (T128A). It is noteworthy that a region with both transposons and multiple PPE genes should be so diverse among the three strains. The PPE gene family encoding acidic, glycine-rich proteins is thought to be expressed on the extracellular surface of M. tuberculosis. Others have speculated on the role of these proteins as potential antigens for host immunity, thereby implicating a role in virulence since PE and PPE genes have the highest rates of synonymous and nonsynonymous substitutions when M. tuberculosis whole genomes are compared (14) . PE and PPE family proteins have also been shown to be immunogenic in a human peripheral blood mononuclear cell model and therefore may be useful in vaccine discovery (35) . Several interesting points about aerosol infection of rabbits emerge from our study. First, at higher inhaled doses of any M. tuberculosis strain, more bacilli are usually required to produce one visible lesion at 5 weeks. One possible explanation for this is that higher inhaled doses may provide a larger antigenic stimulus that can hasten acquired immunity and thereby prevent more microscopic tubercles from reaching visible size. Second, there is a significant difference between viable, frozenthawed bacilli and log-phase, actively growing bacilli in the aerosol dose required to produce an equal number of grossly visible primary pulmonary tubercles. A greater number of frozen-thawed bacilli than log-phase bacilli are required. This may be because frozen-thawed bacilli are in lag phase and are therefore more easily destroyed by the highly activated alveolar macrophage population than are actively growing log-phase bacilli. Interestingly, the tuberculin skin test responses of the two groups of rabbits given the same inhaled dose of bacilli (frozen thawed or log phase) were not different, suggesting that once grossly visible tubercles were established in the host little difference in the two types of infecting bacilli was still present.
In conclusion, aerosol infection with M. tuberculosis allows us to determine the relative pathogenicities of different bacillary strains in the rabbit model of tuberculosis. With log-phase actively growing bacilli, the wide range of the infectious dose required to form one grossly visible pulmonary tubercle 5 weeks after infection allows us to assess the relative pathogenicities of various strains. The finding of a long-term outcome with increased propensity towards cavitary disease with some strains should be followed-up with in-depth studies of clinical strains to determine whether the rabbit outcomes mirror that of humans. Genetic analysis revealed heterogeneity in the RD6 region between Erdman and H37Rv which may account, in part, for the different patterns of disease resulting from modulation of the host response to infection that these strains produce in rabbits. Further studies of pathogenicity in the rabbit model produced by different strains within the M. tuberculosis complex along with their genotypes may elucidate specific genes that are critical in different stages of human disease.
